Drop impact is important for numerous industrial processes. The recent progress in investigations of drop impact on heated solid surface covers the processes near
INTRODUCTION
Drop impact on solid surfaces is a ubiquitous phenomenon in nature and has found numerous important industrial applications. Temperature-depending systems include solder-drop-printing technology used in microelectronic components (Hayts et al., 1993) , and fast impact of small-scale droplets presenting in diesel engines (Moreira et al., 2010; Park and Lee, 2004) and inkjet printing technology (Attinger et al., 2000; Predetechensky, 1999) . Water, air jets, and sprays have been successfully used for strip cooling of metals such as steel (Tacke et al., 1986; Viskanta and Incropera, 1992) . A space drop refrigerator emitter for high-power availability and long periods of active existence of spacecrafts was successfully tested onboard the space station (Koroteev, 2008; Koroteev et al., 2016) . Another important application of drop impingement is spray cooling for electronics systems, which is found to be one of the effective active methods for thermal management, as reviewed by Kim (2007) . Spray cooling is already used in high-performance computers. Tilton (2007) and Pais et al. (1989) suggested that high heat transfer in spray cooling systems is due to evaporation of ultrathin liquid film. It is estimated that for the flat surfaces, a 1.4 µm thick layer of water is capable to transfer 1 kW/cm 2 of heat at a superheat of 20
NOMENCLATURE
• C. The impact velocity should be chosen carefully in order to achieve the maximum droplet spreading without rebound from the surface. And spray pin size (Tilton et al., 2007) is one of the important parameters for hotspot thermal management.
Substantial progress has been achieved in investigations of drop impact dynamics on solid surfaces with no heating (see reviews by Liang and Mudawar, 2016; Yarin, 2006) and with heating (e.g., Liang and Mudawar, 2017) that became possible using high-speed visualization (van Limbeek et al., 2016; Visser et al., 2015) . The potential risk of the so-called burnout phenomenon in applications received a lot of attention. The burnout occurs when the direct contact between the solid and liquid is prevented by an insulating vapour layer, originating from the evaporating drop and separating it from the solid (Breitenbach et al., 2017; Cossali et al., 2008; van Limbeek et al., 2017) . The temperature of the solid surface above and below the Leidenfrost point, but usually still higher than 150 deg, has been intensively investigated. The droplet atomization, levitation, as well as different kinds of boiling occurs within this high-temperature range; whereas, the temperature range of 20-135
• C is important for electronics cooling, where the chip surface temperature should be < 100
• C. The main characteristic parameters used in analysis of the impinging droplet interaction with surface are Weber (We), Ohnesorge (Oh), Reynolds (Re), and Froude (Fr) numbers. Equilibrium contact angle is also used to describe the wettability influence on the droplet-solid interaction modes (e.g., Borisov et al., 2003) . We note that other parameters related to the temperature influence on the liquid properties and consequently on the droplet-hot surface interaction can be important as well.
We present results of the high-speed visualization of a single drop impact into a heated sapphire plate within the temperature range of 23-135
• C. This temperature range is little investigated in the literature, although it is of a great importance for practical applications, such as electronics cooling (Bar-Cohen and Holloway, 2015; Gatapova and Kabov, 2008) .
EXPERIMENTAL SETUP AND PROCEDURE
An experimental setup is illustrated in Fig. 1 . A drop of 9.7-10.3 µl in volume is generated to the surface using a Cole-Parmer syringe pump with a Hamilton syringe of 10 ml. Pipette tip (Thermo Scientific Finntip) with the inner diameter of 0.35 mm is connected through the flexible tube to the syringe. Ultrapure deionized water (MilliQ) is Wettability properties have been measured using DSA-100E and ADVANCE software (KRÜSS). Advancing contact angle of water on the sapphire plate is measured to be of 76.2 deg and receding contact angle is of 36.5 deg, so that the contact angle hysteresis is 39.5 deg. The value of the receding contact angle has also been checked by the droplet evaporation method, equal to the value of the depinning angle. Surface free energy is 40.88 mN/m with a dispersive component of 34.42 mN/m and polar of 6.46 mN/m, which were measured employing the Owens, Wendt, Rabel, and Kaelble method (OWRK) using two liquids; polar was water and nonpolar was diiodomethane. The distance between the tip and substrate is 145 mm. A round polyimide thermofoil heater (Minco) of 20 mm diam is glued on the underside of the substrate. Substrate surface temperature is controlled by type-K (Omega) thermocouple, which is connected to the analog input module NL-8TI (RealLab) and interface converter NL-232C (RealLab). Experiments are performed at the quazi-steady heating condition. The investigated temperatures range from 23 to 135 ± 1
• C. A high-speed camera Photron Fastcam SA 1.1 with a resolution of 1024 × 1024 pixels at the rate of 5400 fps is used to record the interaction process from the sideview. The resulting resolution of the images equals to 24.4 µm/pixel. We provided soft diffuse backlight using two light-emitting diode (LED) lamps, whose beams were directed to a light diffusor at angles of ∼ 45 and ∼ 90 deg to each other.
The following traditional nondimensional groups are used to describe drop impact:
The nondimensional numbers realized in our experiments can be found in Table 1 . The following values of liquid properties determined at 20
• C are used: density ρ = 998.20 kg/m 3 , viscosity µ = 10.04 × 10 −2 kg/ms, and surface tension σ 0 = 7.27 × 10 −3 N/m. The impact velocity V = 1.44 m/s and the drop diameter D 0 = 2.679 × 10 −3 m are defined from the video registration as mean values from the several processed series of experiments.
We have done experiments for the substrate temperatures T w = 23 • C (no heating), 40, 60, 80, 100, and 135
• C. Water drop of 10 ± 0.3 µl in volume with a temperature of 23
• C is impacted on the hot sapphire substrate. At least 19289.85 9.67 five runs have been done for each particular temperature. We note here that indication of the substrate temperature T w is only for outlining the operating initial steady-state substrate temperature. Obviously, the problem of drop impact on a hot surface is a conjugate problem and not an isothermal problem. There is certain local cooling of the substrate, just below the drop after impact and the emerging transience. We have done test experiments for determination of the local cooling for the substrate temperature of 135
• C. We impacted the droplet in such a way that the drop goes directly to the thermocouple located on the substrate. The thermocouple reading dropped to 65
• C at the moment the drop touches the thermocouple and then temperature increases with time. If the drop falls at some distance from the thermocouple, then the readings from thermocouple drop to the value near 100
• C. Image processing has been done using ImageJ software. Total errors, which include errors data processing and of data between the runs, are ± 0.35 mm for length scale and ± 0.37 ms for time.
RESULTS AND DISCUSSION

Horizontal Plate: Stages
We outline here the characteristic stages of drop interaction with a substrate at various temperatures, namely impact, spreading, rollback, splashing (one liquid column splashing), microdrop detachment (also known as partial rebound), formation, stabilization, breakup and separation into sessile microdrops, boiling, and evaporation. Figure 2 demonstrates the interaction of the drop with surfaces when no heat was applied, T w = 23
• C. Five main stages can be highlighted: impact, spreading, rollback with one liquid column splashing, formation, stabilization, and evaporation. Drop impact (the collision with the substrate) is followed by immediate drop spreading over the substrate. The resulting liquid disk of a maximal contact diameter has a region of thin liquid film in the center and a capillary rim with three-phase contact line [see Fig. 3(a) ]. The spreading process with lamella evolution is well-described elsewhere, see Yarin (2006) and Visser et al. (2015) . Spreading is followed by the rollback. At the end of the rollback the liquid column (splashing) originates [see Fig. 2 ]. For liquid column definition, see Fig. 3(b) . Then the column falls down to form a sessile droplet (formation stage, where the drop tends to take a spherical shape). Gradually, the damped oscillations of the droplet occur at the stabilization stage. Evaporation of a sessile droplet is a final stage. The similar evolution is observed at the substrate temperature of T w = 40 • C (see Fig. 4 ). However, the height of the liquid column increased (by 1 mm) with increasing temperature at the rollback stage. The further increasing of the substrate temperature (T w = 60
• C) leads to the microdrop detachments from the liquid column (see Figs. 5 and 6). Liquid column height increases by > 2 mm in comparison to unheated substrate. We associate the process of the increasing liquid column height and the droplet detachment with the rollback velocity increase due to viscosity decreasing with temperature and with a surface tension decrease with the increasing of the temperature. The velocity should increase with decreasing viscosity due to the water temperature increase. As a result, we have higher liquid column (Figs. 2 and 4-6), while a decrease in surface tension with temperature increase leads to microdrop detachments from the liquid column at the splashing stage. At T w = 80 • C (Fig. 6) , there can be a separation of one or more microdrops from the liquid column; the height of the liquid column on this stage is also increasing (approximately three times higher than that for unheated substrate). The stage of formation takes much more time due to the detachment of microdrops. Detached microdrops can return back to the main drop and coalescence (Fig. 6 ) as well as they can fall next to the main drop (Fig. 7) . At that, the temperature of the substrate is still not high enough to start boiling.
The height of the liquid column is decreased on reaching a temperature of T w = 100
• C, as demonstrated in Fig. 8 . And after drop formation, the bubbles' nucleation and growth are observed, indicating boiling incipience; thus, the stabilization stage is different and suppressed by nucleate boiling. The rim height at the spreading stage is clearly increased, and the rim surface has a periodic deformations at the T w = 100 and 135
• C in comparison to the lower substrate temperatures.
At the temperature of more than T w = 130
• C, the evolution is different from the abovementioned stages. After impact and spreading, the thin liquid disk breaks up into small droplets, which start boiling. At that, the process is accompanied by continuous ejection of microdrops, while boiling microdroplets can merge into one big drop. Levitation of the microdrops atomized during the boiling from the main drop is observed as well. When the droplet diameter reaches ∼ 1.3 mm (the height of the droplet is ∼ 0.43 mm), the intensive boiling process stops and the drop begins evaporating "slowly" (Fig. 9) . This is some kind of the quasi-equilibrium state without boiling at a high temperature. The dynamics of the evaporation process is similar to the classical diffusion-limiting sessile droplet evaporation on a heated surface with pinning and depinning.
Horizontal Plate: Temperature Dependent Analysis
For analysis, we use the initial droplet diameter D 0 determined for each run and the time t 0 , which is the time required to travel (to fall) a distance equal to the drop diameter, as characteristic parameters for length scale and time. Actually, t 0 = 1.852 ms for all series of experiments, which also corresponds to the value of D 0 /V for mean values of the diameter and velocity from several processed series of experiments. Figure 10 shows the evolution of the droplet contact diameter in time in dimensionless units for some particular run of each operating temperature. Figure 11 demonstrates the dependence of the dimensionless maximum spreading diameter versus the substrate temperature. The dimensionless maximal spreading diameter at the end of spreading is 3.34-3.78, which corresponds to D max = 8.83-10.24 mm for all runs of considered operating temperatures of the substrate (23-135
• C). There is some increasing trend of the D max /D 0 in the range 23-100
• C and decrease at the temperature135
• C. Table 2 summarizes the data of mean values of five runs for each temperature regime. At a moment of maximum spreading, the drop contact diameter exceeds initial drop diameter approximately by three times. The spreading time of the droplet is found to be 4.1-4.8 ms within the entire temperature range, which corresponds to t/t 0 = 2.3-2.5 (see Table 2 and Fig. 10 ). The droplet radial expansion is dominated by inertia. We plot the dimensionless contact line velocity in Fig. 12 , which is determined as CL velocity = [
We see that CL velocity at the spreading stage is practically the same for all operating regimes. The relatively short spreading time does not allow for heating up a sufficiently large volume of water. There is an increasing trend of the maximal spreading diameter, but the value is not significant (see Fig. 11 ). Therefore, the influence of the temperature on viscosity dissipation, which limits the maximum spreading diameter is not considerable. Time required for rollback is about t/t 0 = 9.7-12.2, which is much higher than the spreading time. The contact line velocity at the rollback stage depends on temperature (see Fig. 12 ). The contact line velocity at rollback has a • C. However, for unheated substrate, 23
• C, the velocity is considerably smaller during the rollback. The temperature rise leads to a decrease in the diameter during the rollback phase (Fig. 10) . This can be due to viscosity decrease with the temperature increase, which generally should lead to an increase of velocity at rollback stage. This increase in velocity value influences the liquid column height and droplet detachment. As discussed above, the height of the liquid column increases with temperature and decreases again starting from the boiling point. The decrease in contact diameter with increasing temperature is clearly observed in Fig. 10 and Table 3 .
With increasing the temperature, despite the contact line velocity being of the same order, the videorecording clearly demonstrates the increase of the force "pushing" liquid column and the rich hydrodynamics. This effect leads to decreasing of the contact diameter and increasing of the height of the liquid column. We define a maximal liquid column height as a maximal height of continuous column before droplet detachment. Figure 13 demonstrates the dependence of the liquid column contact diameter on temperature; whereas, Fig. 14 illustrates an increase of liquid column height with temperature. The mean values on the liquid column height and contact diameter, as well as the number of detached drops, are presented in Table 3 . We associate the increasing liquid column height and the droplet detachment from the liquid column with the rollback velocity increase due to viscosity decreasing with temperature, as well as with the surface tension decrease with the increasing of the temperature.
The oscillations in the value of the contact diameters are connected with return and coalescence of the detached drops to the original drop (Fig. 10) . Also, these oscillations are due to instability of the main drop during the formation and stabilization process. The formation and stabilization take a different amount of time, depending on number of the detached drops and height of the liquid column. Finally, the formed stable sessile drop has a contact diameter of 3.9 ± 0.1 mm and height of 1.5 ± 0.1 mm at the substrate temperature of 23-100
• C. At 100
• C the height of the sessile drop starts growing because of the start of the boiling process and presence of bubbles inside a droplet.
As was shown above some stages strongly depend on the temperature. Water viscosity and surface tension influence on the splashing, microdrop detachment from the liquid column, as well as liquid film breakup. The liquid properties for different temperature are presented in Table 4 . Water viscosity is reduced by a factor of five within a temperature range from 20 to 135
• C. For the substrate temperature of 135 • C no liquid column splashing is observed. The rollback is limited and prevented by breakup. The drop is divided into several sessile microdrops just after the spreading stage. Such division into small droplets is observed also in the work by Sen et al. (2017) for fuel drops. In our experiments, these microdrops start boiling and can merge into a single big drop (Fig. 9) . We observe continuous atomization of microdrops and their levitation during the boiling. With an increase temperature, shear interaction of air with drops became substantial. As a result, we observe levitations of the secondary drops (atomized from the main drop) over the substrate as well as complete rebounding of the secondary drops.
We analyze here the importance of the Marangoni number, which can be a key parameter to describe the spread thin liquid disk breakup into microdrops preventing the rollback and rebound, and leading to the heat transfer enhancement. Except nondimensional groups listed in Table 1 , which do not characterize the thermal effects, we define nondimensional numbers related to the buoyancy-driven and thermocapillary flows, namely Rayleigh (Ra) and Marangoni numbers (Ma), respectively
here χ is the thermal diffusivity, β is the thermal expansion coefficient, and T i is the liquid interfacial temperature. Surface tension is assumed to depend on temperature, linearly
All the liquid properties for calculation of Ra and Ma are defined at the substrate temperature T w (see Table 4 ). The liquid film thicknesses, h, are determined from the videorecording at the moment of reaching maximal diameter by the formed liquid disk. We observed that with increasing temperature, the rim surface of the liquid disk starts deforming periodically (see Figs. 8 and 9 ). The maximum amplitude is observed for the substrate temperature of 135
• C. It seems that observed deformations in the rim at the liquid disk periphery have a thermocapillary nature. Thus, we take the rim thickness as a characteristic value of h, which is ∼ 0.3 mm. As a rule, the thin liquid film in the middle of liquid disk is at least two times thinner.
To estimate liquid interfacial temperature, we solve the heat transfer problem for flat liquid with Newton cooling law at the liquid-gas interface, where the heat transfer coefficient α = 20 W/m 2 K. We obtain the temperature of the liquid layer surface, which is found knowing the top (in the gas phase, T 0 ) and bottom (on the heater surface, T w ) temperatures
where K = λ/h, h is the thicknesses of a liquid layer, and λ is the thermal conductivity of liquid. To estimate the interfacial temperature T i , we take the measured liquid rim thickness h = 0.3 mm, while the top temperature in the gas phase, equals T 0 = 23 • C. We use the interfacial temperature of liquid T i (see values in Table 4 ) calculated in a way to define Ra and Ma, whose values can be underestimated since the spreading time is small 4.5 ± 0.3 ms, and a surface of liquid impacted with the initial temperature of 23
• C may not warm up during this time. The buoyancy-driven convection is negligibly small (see Ra, Ma/Ra in Table 4 ). Ma is varied from 0 to 1485.26 at the temperature variation from 23 to 135
• C. On the basis on the estimated value of the Marangoni number and videorecording (see Figs. 8, 9) , which demonstrate periodic surface deformations and break up into sessile droplets of approximately the same size, we can outline that the thermocapillary force is one of the factor for breakup of the spread liquid disk.
The breakup also can be associated with the micro-and nanobubbles formation (Bryukhanov et al., 2017; Gatapova et al., 2015) due to nucleation and the boiling incipience. The microbubbles are also observed from side-view just after liquid disk breakup (see Fig. 9 ). We have also done a top-view recording using the same camera and have detected microbubbles in the liquid disk, which can be seen in Fig. 15 . The question arises whether the combined effect of the Marangoni force and the presence of micro-and nanobubbles on the substrate surface can lead to the film rupture. This question needs further detailed investigations with a high-resolution apparatus. Nevertheless, thermocapillary force and microbubbles are present and act toward the rupture. 
CONCLUSIONS
We investigate the dynamics of interaction of the water drop of 10 µl volume with the temperature of 23
• C impacting on a heated horizontal sapphire plate. The substrate temperature is varied within a range of 23-135
• C. Characteristic stages of drop interaction with a substrate at various temperatures are revealed, namely impact, spreading, rollback, one liquid column splashing, microdrops detachment (partial rebound), formation, stabilization, breakup, boiling, and evaporation.
We show that the spreading time and maximal spreading diameter of the droplet are practically independent from the temperature. This is connected with inertia-dominated expansion and explained by the short spreading time that does not allow heating up a sufficiently large volume of water. Therefore, the influence of the temperature on viscosity dissipation, which limits the maximum spreading diameter is not considerable. The spreading time is of 4.1-4.8 ms within the entire temperature range for the horizontal substrate. However, the temperature rise leads to a decrease of the liquid column contact diameter and to an increase of the liquid column height during the splashing. Microdrop detachment from the liquid column are observed for a substrate temperature of 60-100
• C. We associate the increasing liquid column height and drops detachment from the liquid column with the rollback velocity increase due to viscosity decreasing with temperature, as well as with the surface tension decrease with the increasing of the temperature. For the substrate temperature of 100
• C, the liquid column is decreased again and the droplet starts to boil. An interesting phenomenon in terms of the application to the cooling system is a liquid disk breakup just after the spreading at 135
• C. The liquid disk with rim in the periphery is divided into several sessile droplets. We observed the thermocapillary deformations on the liquid rim and estimated the Marangoni number. We found that applied thermocapillary force contributes to the film rupture. The rollback is prevented by breakup, and no splashing was observed at 135
• C. The breakup can be connected also with the microbubbles formation, which is also detected in our experiments. These sessile microdrops then started to boil and could merge into a single big drop. Additionally we observed continuous ejection of microdrops as well as levitation of the microdrops atomized from the drop during the boiling. When the droplet diameter reaches ∼ 1.3 mm (the height of the droplet is ∼ 0.43 mm), the cessation of the intensive boiling process was observed, and the drop began to evaporate in quazi-steady mode. The dynamics of the evaporation process is similar to the classical diffusion-limited sessile droplet evaporation on a heated surface with pinning and depinning.
